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The bone morphogenetic protein (BMP) pathway has been shown to play an important role in the establishment of the dorsoventral axis during
development in both vertebrate and invertebrate species. In an attempt to unravel the role of BMPs in pattern formation during planarian regeneration,
we studied this signaling pathway in Schmidtea mediterranea. Here, we functionally characterize planarian homologues of two key elements of the
pathway: Smed-BMP and Smed-Smad1. Whole-mount in situ hybridization showed that Smed-BMP is expressed at the planarian dorsal midline,
suggesting a role in dorsoventral patterning, while Smed-Smad1 is widely expressed throughout the mesenchyme and in the central nervous system.
RNA interference (RNAi) knockdowns of Smed-BMP or Smed-Smad1 led to the disappearance of dorsal markers along with the ectopic expression
of ventral markers on the dorsal side of the treated animals. In almost all cases, a duplicated central nervous system differentiated dorsally after
Smed-BMP or Smed-Smad1RNAi. These defects were observed not only during regeneration but also in intact non-regenerating animals. Our results
suggest that the BMP signaling pathway is conserved in planarians and that it plays a key role in the regeneration andmaintenance of the dorsoventral
axis.
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systemIntroduction
Bone morphogenetic proteins (BMPs) are a group of extra-
cellular signaling molecules that belong to the transforming
growth factor β (TGF-β) superfamily. Upon ligand binding, the
activated kinase activity of the receptor leads to the phosphor-
ylation and activation of the intracellular mediator of the
pathway Smad1/5/8. Two activated Smad1/5/8 molecules bind
to Smad4 and form the Smad complex, which translocates to the
nucleus and acts as a transcription factor (reviewed in Feng and
Derynck, 2005). The presence of extracellular BMP antagonists
such as chordin and noggin prevent BMP binding to the receptor
complex and thereby block the pathway (reviewed in Balemans
and Van Hul, 2002). The BMP pathway has been shown to play
an important role in the establishment of the dorsoventral (DV)⁎ Corresponding authors.
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(reviewed in De Robertis and Kuroda, 2004; reviewed in Little
and Mullins, 2006; Lowe et al., 2006; Yu et al., 2007).
Remarkably, many DV patterning genes conserved between
vertebrates and invertebrates show expression patterns that have
been inverted with respect to each other (De Robertis and Sasai,
1996; Denes et al., 2007). This supports the idea that through
evolution there has been an apparent inversion of the DV axis,
and its patterning mechanisms, between invertebrates and verte-
brates (Arendt and Nubler-Jung, 1994). Thus, whereas BMP4 is
expressed ventrally in vertebrates, its orthologue in Drosophila,
named dpp, is expressed dorsally. These two genes, BMP4 and
dpp, exert ventralizing and dorsalizing functions, respectively
(reviewed in Hogan et al., 1994). This inversion in the ex-
pression patterns is found for other elements of the BMP
signaling pathway involved in DV patterning, such as chordin
(dorsal in vertebrates) and sog (ventral inDrosophila) (reviewed
in De Robertis and Kuroda, 2004). During vertebrate embryo-
genesis, BMP signaling specifies ventral cell fates, while on the
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presence of antagonists such as chordin and noggin (for re-
views see Balemans and Van Hul, 2002; De Robertis and
Kuroda, 2004; Hammerschmidt and Mullins, 2002; Yamamoto
and Oelgeschlager, 2004). Mutations in chordin and noggin
result, in some cases, in a ventralized phenotype, with an
expansion of the ventral mesoderm and a reduction of the
neural plate and central nervous system (CNS). In contrast,
mutations in BMP genes may have a dorsalizing effect
(Reversade and De Robertis, 2005). Exposure of amphioxus
embryos to ectopic BMP results in ventralization of those
embryos, as shown by the downregulation of various dorsal
markers and expansion of ventral ones (Yu et al., 2007). While
the DV axis also needs to be specified in processes of re-
generation, much less is known about the function of the BMP
pathway during this process.
Freshwater planarians constitute an excellent model in which
to study axis re-specification during regeneration. These animals
possess very powerful regenerative capabilities; thus, if we cut
one planarian into, for example, ten pieces, each piece will
regenerate a complete new animal within a few days (for reviews
see Agata, 2003; Newmark and Sánchez Alvarado, 2002;
Reddien and Sánchez Alvarado, 2004; Saló, 2006; Saló and
Baguñà, 2002; Sánchez Alvarado, 2006). After amputation,
planarian neoblasts (stem cells distributed throughout the
mesenchyme) proliferate and give rise to the regenerative
blastema, where new tissues and structures will differentiate.
Correct patterning of the regenerated part requires, among other
factors (i.e. cell differentiation, morphogenesis, etc), correct re-
specification of the anteroposterior and DVaxis. In an attempt to
unravel the role of the BMP pathway in DV patterning during
planarian regeneration, we studied this signaling pathway in
Schmidtea mediterranea.
We report the characterization of the planarian homologues
of three elements of the pathway: Smed-BMP, Smed-Smad1
and Smed-noggin1. Whole-mount in situ hybridizations
revealed that Smed-BMP is expressed in discrete clusters of
cells along the length of the dorsal midline. Smed-Smad1 is
strongly expressed throughout the mesenchyme and in the
CNS. Finally, Smed-noggin1 is expressed throughout the CNS
and in a few discrete cells at the dorsal midline. Functional
analysis of Smed-BMP and Smed-Smad1 by RNA interference
(RNAi) clearly indicated that both genes are required for the
re-specification of the DV axis during planarian regeneration.
In contrast, no abnormal phenotype was observed after
Smed-noggin1 RNAi. After silencing of Smed-BMP and
Smed-Smad1, planarians formed abnormal blastemas and their
dorsal tissues were ventralized, as indicated by the dis-
appearance of dorsal pigmentation, downregulation of several
dorsally expressed genes and the ectopic dorsal expression of
ventral markers. In most cases, dorsal duplication of the
CNS was seen in those treated animals. Interestingly,
similar defects were observed in intact, non-regenerating
planarians subjected to RNAi. These results suggest that
the BMP pathway is conserved in planarians and that it is
required for both re-specification and maintenance of the
DV axis.Materials and methods
Animals
We used planarians of the asexual strain of S. mediterranea collected in
Montjuïc, Barcelona, Spain. Animals were kept at 20 °C in a 1:1 (v/v)
mixture of distilled water and tap water treated with AguaSafe (TetraAqua).
Animals were fed with veal liver and starved for at least 1 week prior to
experiments.
Isolation of Smed-BMP, Smed-Smad1 and Smed-noggin1
To identify planarian homologues of the BMP pathway, we took advantage of
the ongoing S. mediterranea Genome Project. DjBMP (Orii et al., 1998),
SmSmad1 (Beall et al., 2000) and noggin proteins from different animals were
used in tblastn searches of S. mediterranea genomic sequences (available from
the NCBI Trace Archives). Genomic clones encoding a predicted open reading
frame (ORF) similar to BMP, Smad or noggin were assembled using Vector NTI
(Invitrogen). Sets of specific primers were designed to amplify Smed-BMP,
Smed-Smad1 and Smed-noggin1 from cDNA made from total RNA using
Superscript III (Invitrogen). GenBank accession numbers for Smed-BMP,
Smed-Smad1 and Smed-noggin1 are EF633689, EF633692 and EF633690,
respectively.
Gene expression analysis
Whole-mount in situ hybridizations were carried out essentially as
described previously (Umesono et al., 1997). Triethanolamine treatment was
performed as described by Nogi and Levin (2005). Animals were incubated in
Proteinase K (20 μg/ml in PBS containing 0.3% Triton X-100) for 8 min at
37 °C followed by fixation in 4% paraformaldehyde. Digoxigenin-labeled
riboprobes for Smed-BMP, Smed-Smad1, Smed-noggin1, Smed-eye53 (Zayas
et al., 2005), Smed-EphA (Cebrià and Newmark, unpublished results) and
cintillo (clone H.112.3c, Oviedo et al., 2003; Sánchez Alvarado et al., 2002)
were synthesized using an RNA in vitro transcription kit (Roche). Hybridiza-
tions were carried out at 56 °C for 17 h. Samples were observed through Leica
MZ16F and Zeiss Stemi SV6 stereomicroscopes and a Zeiss Axiophot micro-
scope; images were captured with a Nikon Coolpix E995 or Leica DFC300FX
camera.
Immunostaining
Animals were killed in 2% HCl for 5 min on ice and then fixed in Carnoy's
solution for 2 h at 4 °C. After fixation, samples were processed as described
elsewhere (Cebrià and Newmark, 2005; Sánchez Alvarado and Newmark,
1999). The following primary antibodies were used: VC-1, a mouse monoclonal
antibody specific for planarian photosensitive cells (kindly provided by
Hidefumi Orii, used at a dilution of 1:15,000), and anti-SYNORF1, a mouse
monoclonal antibody specific for synapsin (Developmental Studies Hybridoma
Bank, used at a dilution of 1:25). Goat anti-mouse secondary antibody
conjugated to Alexa 488 (Molecular Probes) was used at a 1:400 dilution.
Samples were mounted in SlowFade® Gold antifade reagent (Invitrogen).
Confocal laser scanning microscopy was performed with a Leica TCS 4D
(Leica Lasertechnik, Heidelberg) adapted for an inverted microscope (Leitz
DMIRB).
RNAi analysis
Double-stranded RNA (dsRNA) for Smed-BMP, Smed-Smad1 and Smed-
noggin1 was synthesized by in vitro transcription (Roche) and injected into
planarians as described previously (Sánchez Alvarado and Newmark, 1999). For
regeneration experiments, animals were amputated pre- and postpharyngeally or
laterally 3 days after the first injection and allowed to regenerate. All specimens
were analyzed between 2 and 3 weeks after amputation. Intact uncut animals
were re-injected 2 weeks after the first round of injections and analyzed between
2 and 3 weeks after the second round of injections. Control animals were injected
with water.
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Isolation of conserved elements of the BMP pathway in
S. mediterranea
To identify planarian homologues of BMP pathway genes, we
performed in silico analyses of the genome of S. mediterranea
(see Materials and methods). A full-length 1206 bp cDNAFig. 1. Deduced amino acid sequences and domain structures of Smed-BMP, Smed
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similarity to BMPs was obtained. The predicted protein
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domain, with the seven conserved cysteine residues essentials
for dimer formation, preceded by the conserved cleavage
consensus sequence RXXR that gives rise to the secreted
mature form (Fig. 1A). The mature form of Smed-BMP shows
significant similarity to the BMP family: 93% amino acid-Smad1 and Smed-noggin1. (A) Deduced amino acid sequence of Smed-BMP.
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Nematostella vectensis NvDpp and 45% with NvBMP5/8,
47% with Drosophila melanogaster DPP, 49% with Bran-
chiostoma floridae BMP2/4, 46%with human BMP2, 44%with
human BMP5 and 44% with Danio rerio BMP5. Phylogenetic
analyses indicate that Smed-BMP, together with DjBMP, group
with other BMP genes (Fig. S1A); however, it cannot be
resolved whether they are more similar to BMP2/4 or BMP5/8.
A downstream element of the BMP pathway, the intracellular
effector Smad1, was also isolated. A full-length 1368 bp cDNA
sequence containing a putative ORF of 455 amino acids was
obtained. The predicted protein structure of Smed-Smad1
exhibits the characteristic N-terminal MH1 and C-terminal
MH2 domains separated by a central proline-rich linker region.
Furthermore, Smed-Smad1 exhibits the C-terminal SSVS motif
that is phosphorylated by an activated receptor complex
(Fig. 1B). Smed-Smad1 shows significant similarity to the
Smad1/5 family (Fig. S1B): 75% amino acid identity with
Schistosoma mansoni Smad1, 68% with human Smad1, 63%
with human Smad5 and 68% with N. vectensis Smad1/5.
Finally, a full-length 768 bp cDNA sequence containing a
putative ORF of 255 amino acids and similar to the BMP
antagonist noggin was isolated. The predicted protein structure
of Smed-noggin1 exhibits a C-terminal noggin domain that
contains the nine conserved cysteine residues essential for dimer
formation (Fig. 1C). The conserved domain from Smed-noggin1
shows similarity to Xenopus tropicalis noggin1 (41% amino
acid identity), noggin2 (44%) and D. rerio noggin1 (41%). See
Fig. S1C for a phylogenetic tree.
Smed-BMP, Smed-Smad1 and Smed-noggin1 expression
patterns in intact and regenerating planarians
Whole-mount in situ hybridization with Smed-BMP,
Smed-Smad1 and Smed-noggin1 was performed in intact and
regenerating animals. In intact planarians, Smed-BMP was
detected in clusters of cells along the dorsal midline (arrowheads
in Figs. 2A, B), similarly to the expression ofDjBMP reported in
the planarian D. japonica (Orii et al., 1998). Differently from
DjBMP, Smed-BMP was also observed in a ring of cells around
the region where the pharynx joins the anterior gut branch (Fig.
2C). Finally, very weak expression was also detected in the CNS
(Fig. 2D). During anterior regeneration, Smed-BMP transcripts
were first detected in the newly formed blastema at day 3 (data
not shown). As regeneration proceeded, cells expressing Smed-
BMP increased in number and were spread throughout the
blastema (Figs. 2E–G). The original pattern was restored about 2
weeks after amputation (data not shown). During posterior
regeneration (i.e. head pieces regenerating the central and tail
regions) positive cells were located both in a narrow line within
the blastema and in the newly formed pharynx (Fig. S2).
Smed-Smad1 showed a high level of expression throughout
the mesenchyme, the pharynx and the CNS of intact animals
(Figs. 2H, I). During anterior regeneration, it was first detected
in the newly formed blastema at day 1 (Fig. 2J). By day 3,
Smed-Smad1 was observed in the new brain primordia (arrow-
heads in Fig. 2K). As regeneration proceeded, it was detectedthroughout the blastema, including the newly differentiated
brain (Fig. 2L). During posterior regeneration, Smed-Smad1
was highly expressed within the blastema region from day 1 and
by day 3, Smed-Smad1-positive cells were also detected in the
newly formed pharynx (Fig. S2).
In intact animals, Smed-noggin1 was detected throughout
the CNS, along the body margins (arrows in Fig. 2N), within
the pharynx and around the mouth (arrowhead in Fig. 2N).
Smed-noggin1 was also expressed dorsally in isolated cells
along the midline (arrowheads in Fig. 2M), in a similar pattern
to that of Smed-BMP (Fig. 2A). During anterior regeneration,
Smed-noggin1 was first detected within the blastema at day 5
(Fig. 2O). As regeneration proceeded, Smed-noggin1-positive
cells were observed in the newly regenerated cephalic ganglia
and around the head margins (Figs. 2P, Q).
Abnormal blastema formation and regeneration after
Smed-BMP and Smed-Smad1 RNAi
To analyze the role of the BMP pathway during planarian
regeneration, we performed RNAi knockdown experiments.
Since no abnormal phenotypes were observed after Smed-
noggin1 RNAi, we will focus on the results obtained for
Smed-BMP and Smed-Smad1. The efficiency of the RNAi was
confirmed by the disappearance of the endogenous transcripts
of Smed-BMP, Smed-Smad1 and Smed-noggin1 after RNAi
(data not shown).
By day 5 of regeneration, control animals had well-formed
anterior and posterior blastemas (unpigmented new tissues
delimited by dotted lines in Figs. 3A–C; n=52/57); a pair of
small eyes started to be evident within the anterior blastema at
this stage (Fig. 3B, n=37/57). Blastemas grew normally as
regeneration proceeded, and the missing parts differentiated
within them (Figs. 3J–L). In contrast, following Smed-BMP
RNAi, planarians showed much more reduced or even absent
blastemas, which were also thicker compared to the controls
(Figs. 3D–F; n=71/71). At day 5 of regeneration, trunk
fragments showed an indented posterior blastema (arrowhead
in Fig. 3E; n=65/71). In the anterior blastemas, the newly
regenerated eyes were not observed until between 6 and 7 days
of regeneration, and they tended to differentiate deeper inside the
mesenchyme and closer to the stump region (data not shown). As
regeneration proceeded, the whole body started to appear thicker
and shrunken, and small bulges appeared on the dorsal side
(Figs. 3M–O; n=56/71). In some animals, the boundary
between the dorsal and ventral sides seemed to be duplicated
(arrows in Figs. 3N, O and Fig. S3). At this stage, posterior
blastemas appeared indented (arrowheads in Figs. 3M, N;
n=70/71). Despite the reduced blastemas, especially in
regenerating head pieces (Fig. 3M), a normal pharynx
differentiated in regenerating heads and tails (asterisks in Figs.
3M, F). As regeneration proceeded, the variability between
treated animals increased (Fig. S3). Some animals differentiated
ectopic eyes (n=18/71), and the dorsal midline appeared
flattened and less pigmented (n=35/71). In others, the most
anterior region was thinner and transparent with visible cephalic
ganglia and digestive system (n=14/71).
Fig. 2. Expression patterns of Smed-BMP, Smed-Smad1 and Smed-noggin1 in intact and regenerating planarians. (A–D) In intact planarians, Smed-BMP is expressed
in clusters of cells (arrowhead in panel B) along the dorsal midline (arrowheads in panel A), in a circular ring of cells located in the connection between the pharynx and
the gut (C) and in the CNS (D). Asterisks in panels A and C indicate the pharynx. (E–G) Smed-BMP expression during anterior regeneration. (H, I) In intact planarians,
Smed-Smad1 is expressed throughout the mesenchyme, the pharynx (asterisk) and the CNS. (J–L) Smed-Smad1 expression during anterior regeneration. Arrowheads in
panel K indicate the brain primordia. (M, N) In intact planarians, Smed-noggin1 is expressed at the anterior dorsal midline (arrowheads in panel M), throughout the
nervous system, along the bodymargins (arrows in panel N), within the pharynx and around the mouth (arrowhead in panel N). (O–Q) Smed-noggin1 expression during
anterior regeneration. (A–C, E–H, M) Dorsal views. (D, I–L, N–Q) Ventral views. (A–D, H, I, M, N) Anterior to the left. (E–G, J–L, O–Q) Anterior to the top. Scale
bars: 450 μm in panels A, H, I, M, N; 40 μm in panel B; 80 μm in panel C; 200 μm in panel D; 300 μm in panels E–G, J–L, O–Q. Abbreviations: ph, photoreceptors; cg,
cephalic ganglia; vnc, ventral nerve cords; d, days.
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or absent blastemas (Figs. 3G–I; n=89/90). The regenerated
eyes also differentiated in a deeper position (Fig. S3) and closer
to the stump region, and the whole body appeared thicker and
shrunken (Figs. 3P–R; n=72/90). Small bulges formed dorsallyand the boundary between the dorsal and ventral sides also
appeared duplicated (arrows in Figs. 3P–R and Fig. S3).
Pharynx regeneration was normal (asterisks in Figs. 3I, P).
However, in contrast to the situation following Smed-BMP
RNAi, Smed-Smad1 dsRNA-injected animals showed indented
Fig. 3. Effects of RNAi during anterior and posterior regeneration. (A–I) Five days of regeneration of control (A–C), Smed-BMP (D–F) and Smed-Smad1 (G–I)
RNAi-treated animals. Control animals show well-formed blastemas (delimited by dotted lines). Arrowheads in panel B point to the differentiating new eyes. (D–I)
After RNAi, blastemas are reduced and indented (arrowheads in panels E, H and I). (J–R) Seventeen days of regeneration of control (J–L), Smed-BMP (M–O) and
Smed-Smad1 (P–R) RNAi-treated animals. (M–R) After RNAi, the whole body appears thicker and shrunken, and the boundary between the dorsal and ventral sides
appears to be duplicated (arrows in panels N–R). Anterior (arrowheads in panels Q, R) and posterior (arrowheads in panels M, N, P, Q) blastemas appear indented.
Pharynx differentiation seems normal (asterisks in panels C, F, I, J, M, P). All panels show dorsal views. Anterior to the left. Scale bars: 450 μm in panels A, C, D, F, G,
I, J and L–R; 600 μm in panels B, E, H and K.
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P–R; n=89/90). Also, differentiation of extra eyes occurred in a
very small number of cases.
Disruption of the BMP pathway during regeneration alters the
expression and distribution of dorsal cell markers
As the phenotypes described above suggest defects related
to DV patterning (thickening, dorsal bulges, deeper eyes,
unpigmented dorsal epithelium) and the BMP pathway has
been shown to be important in the establishment of that axis,we used several molecular markers to analyze whether RNAi of
Smed-BMP and Smed-Smad1 resulted in disturbance of the DV
axis during planarian regeneration. All the results presented
below refer to regenerating trunk pieces 2 weeks after ampu-
tation. cintillo, a gene involved in mechanical signal trans-
duction (Oviedo et al., 2003), was used as an anterodorsal
marker. In control planarians, cintillo was expressed in a thin
row of marginal dorsal cells (Figs. 4A, D; n=4/4; 33.7±
8.88 cells/animal; mean± standard deviation). However,
cintillo-expressing cells increased in number after Smed-BMP
RNAi (Figs. 4B, E; n=6/6; 63.0±14.32 cells/animal); no
Fig. 4. Expression of dorsal markers during anterior and posterior regeneration. cintillo-positive cells expand to more medial regions after Smed-BMP (B, E) and
Smed-Smad1 (C, F) RNAi. (G–I) After RNAi, the expression of Smed-EphA along the midline decreases (H, I). Smed-BMP RNAi-treated planarians show an
ectopic signal in the most anterior region of the head (H). Smed-noggin1-positive cells located along the midline (arrows in panel J) disappear after Smed-BMP (K) and
Smed-Smad1 (L) RNAi. Arrows in panels K–L indicate dorsal ectopic expression of Smed-noggin1 after RNAi. All images show regenerating trunks. (A–F) Fifteen
days of regeneration. (G–L) Seventeen days of regeneration. Arrows in panels C and I indicate duplicated body margins. (A–C) Anterior to the top. (D–L) Anterior to
the left. Scale bar: 150 μm in panels A and D–F; 200 μm in panels B and C; 180 μm in panels G–L.
85M.D. Molina et al. / Developmental Biology 311 (2007) 79–94significant differences were detected after Smed-Smad1 RNAi
(Figs. 4C, F; n=5/5; 42.4±4.39 cells/animal). In some of the
treated animals, two rows of cintillo-positive cells were seen
(arrows in Fig. 4C). Lateral views showed that in RNAi-treated
animals cintillo-positive cells spread to more medial regions
(Figs. 4E, F).
Smed-EphA and Smed-noggin1 were used as dorsal midline
markers. In control animals, Smed-EphA (Cebrià and Newmark,
unpublished results) was detected in two rows of cells along the
dorsal midline and around the body margin (Fig. 4G; n=5/5).
Smed-BMP RNAi-treated animals showed a variable decrease
of the signal along the midline (Fig. 4H; n=6/6), which
appeared to be wider; some animals displayed ectopic Smed-
EphA expression in their most anterior region (Fig. 4H; n=4/6).
After Smed-Smad1 RNAi, expression of Smed-EphA disap-
peared along the midline (Fig. 4I; n=6/6). In those animals in
which the body margin seemed duplicated, two rows of Smed-
EphA-positive cells were observed (arrows in Fig. 4I; n=5/6).
After RNAi, ventral expression of Smed-noggin1 was normal
(data not shown). However, the expression of Smed-noggin1
along the dorsal midline and around the body margin
disappeared (Figs. 4J–L, n=6/6 after Smed-BMP RNAi; n=8/
8 after Smed-Smad1 RNAi). Smed-BMP RNAi-treated animalsshowed ectopic expression of Smed-noggin1 in a group of cells
at the tip of the head (arrows in Fig. 4K; n=4/6). After Smed-
Smad1 RNAi, dorsal expression of Smed-noggin1was observed
lateral to the midline (arrows in Fig. 4L; n=8/8). We cannot
totally exclude that those dorsal positive noggin cells could be
the original cells from the midline just shifted laterally as a
consequence of the RNAi. However, as other dorsal markers
disappear from the midline and ectopic neural cells differentiate
dorsally, bilateral to the midline (see below), it is more probable
that those dorsal noggin positive cells correspond to ectopic
neural cells that differentiate as a consequence of the duplication
of the CNS (where Smed-noggin1 is normally expressed) that
occurs after Smed-Smad1 RNAi (see below).
These data indicate that disruption of the BMP pathway in
regenerating planarians results in changes in the expression
pattern and distribution of a variety of dorsal markers.
Ectopic nervous system differentiates dorsally after disruption
of the BMP pathway
To test whether regeneration of ventral structures was
also affected, we carried out both immunohistochemistry
and whole-mount in situ hybridization for different neuronal
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Djeye53 (Cebrià et al., 2002; Inoue et al., 2004) from S.
mediterranea, was expressed in four rows of ventral cells,
with the two central ones corresponding to cells around the
cephalic ganglia and the ventral nerve cords (Fig. 5A; n=4/4).
Smed-eye53 was also detected in the pharyngeal neural plexus
and in the visual cells (white and black arrows, respectively inFig. 5. Ectopic dorsal expression of ventral markers and CNS duplication after Smed-B
D white arrows indicate the pharynx neural plexus and black arrows indicate the
expression (arrowheads in panels E and F). Black arrows in panels E–F indicate the
planarian nervous system with anti-SYNORF1 in control (G, J, M, N), Smed-BMP (H
have a normal ventral CNS (G) and dorsal submuscular plexus (J, M, N). (M, N)
submuscular plexus. Partial nerve cords are formed on the dorsal side of treated anima
panels P and R). Dorsal expansion of the pre-existing brain is detected after Smed-B
cephalic ganglia (arrows in panel Q). (S–V)VC-1 immunostaining showing the visual
axonal projections (U–V). (T–U) Different confocal planes of the same sample showin
to the left. (S–V) Anterior to the top. (M–V) Confocal projections. All animals corresp
oc, optic chiasm. Scale bar: 450 μm in panels A–L; 200 μm in panels M–R; 100 μmFig. 5D). After RNAi, ectopic dorsal expression of Smed-
eye53 was observed, especially around the anterior and
posterior stump regions (arrowheads in Figs. 5E, F; n=7/7
after Smed-BMP RNAi; n=6/6 after Smed-Smad1 RNAi).
Similarly to the ventral pattern, the dorsal signal appeared in
four rows of cells. Smed-eye53 expression was observed in the
extra eyes formed after Smed-BMP RNAi (red arrow in Fig.MP and Smed-Smad1RNAi. (A, D) Smed-eye53 expression in controls. In panel
visual cells. After RNAi, the treated animals show ectopic dorsal Smed-eye53
eyes. Red arrow in panel E points to an extra eye. (G–R) Immunostaining of the
, K, O, P) and Smed-Smad1 (I, L, Q, R) RNAi-treated planarians. Control animals
Higher magnification of pre-pharyngeal (M) and post-pharyngeal (N) dorsal
ls at the level of the submuscular plexus (arrows in panels K and L, arrowheads in
MP RNAi (arrowheads in panel O). Smed-Smad1 animals form ectopic dorsal
axons of control (S) and RNAi-treated (T–V) planarians. RNAi results in aberrant
g that Smed-BMPRNAi-treated animals differentiate extra eyes. (A–R) Anterior
ond to regenerating trunk pieces after 17 days. Abbreviations: pr, photoreceptors;
in panels S–V.
87M.D. Molina et al. / Developmental Biology 311 (2007) 79–945E). In contrast, the ventral pattern of Smed-eye53 did not show
obvious differences between control (Fig. 5A) and RNAi-
treated (Figs. 5B, C) animals.
As an additional marker for the nervous system, we used an
anti-SYNORF1 antibody, which allows us to clearly visualize
the planarian CNS (Fig. 5G). Anti-SYNORF1 also labels the
pharyngeal and submuscular nerve plexuses (Figs. 5G, J, M, N).
Ventrally, no obvious differences were found between the CNS
of control (Fig. 5G) and RNAi-treated (Figs. 5H, I) animals.
However, after 2 weeks of regeneration, an ectopic pair of nerve
cords differentiated on the dorsal side of RNAi-treated animals
at the level of the submuscular plexus (arrows in Figs. 5K, L and
arrowheads in Figs. 5P, R; n=7/7 after Smed-BMP RNAi; n=
6/7 after Smed-Smad1 RNAi). Confocal microscopy showed
that the posterior end of the ectopic dorsal nerve cords was
connected to the posterior end of the regenerating ventral nerve
cords. These ventral cords appeared to turn dorsally and extend
anteriorly to a varying extent (data not shown). Although at this
stage Smed-BMP RNAi-treated animals never showed either
completed dorsal nerve cords or ectopic cephalic ganglia, a
dorsal expansion of the newly formed ventral brain was detected
(arrowheads in Fig. 5O; n=7/7). In contrast, most of the Smed-
Smad1 RNAi-treated animals showed a duplicated CNS along
the length of the dorsal side (Fig. 5L, n=5/7), with ectopic brain
(arrowheads in Fig. 5Q) and nerve cords (arrowheads in Fig.
5R). In all these cases, the ectopic brains were deeper in the
mesenchyme than the ectopic nerve cords, which were closer to
the surface (Movie 1).
Planarian photoreceptors consist of two cell types: pigmented
and photosensitive cells. The VC-1 antibody specifically labels
planarian photosensitive cells (Sakai et al., 2000). Control pla-
narians regenerated a normal stereotypical pattern of projections
of the visual axons (Cebrià and Newmark, 2005; Okamoto et al.,
2005; Fig. 5S, n=4/4). In contrast, after both Smed-BMP and
Smed-Smad1 RNAi, all animals regenerated abnormal visual
systems. Smed-BMP RNAi-treated planarians regenerated addi-
tional photoreceptors (arrows in Figs. 5T, U; n=4/4); ectopic
anterior projections of the visual axons were also seen in those
animals (Fig. 5U). Those ectopic photoreceptors did not appear
on the dorsal surface but deeper in the mesenchyme and they
probably differentiate as a consequence of the brain expansion
seen in those animals. Classic experiments have suggested that
the brain would act as a necessary inductor of eye differentiation
(Lender, 1950, 1952). After Smed-Smad1 RNAi, ectopic
projections of visual axons were observed (arrowheads in Fig.
5V; n=4/4), but ectopic photoreceptor differentiation was only
observed in one case (data not shown).
Overall, these data indicate that disruption of the BMP
pathway results in DV patterning defects during regeneration, as
indicated by the differentiation of ectopic neural structures in the
dorsal region of treated animals.
Abnormal regeneration and ectopic neural differentiation in
lateral regenerants
Following RNAi, planarians that were transected in the
sagittal plane failed to regenerate properly. By day 5 afteramputation, both Smed-BMP and Smed-Smad1 RNAi-treated
animals showed reduced blastemas. As regeneration proceeded,
the differences in the size of the blastemas became more
apparent (Figs. 6A–C). Also, few treated animals regenerated a
new eye (arrowhead in Fig. 6C; n=4/19 after Smed-BMP RNAi;
n=3/9 after Smed-Smad1 RNAi). As described during anterior
and posterior regeneration, the whole body appeared thicker and
shrunken, and small bulges appeared dorsally. Pharynx
regeneration was also apparently normal. The ventral distribu-
tion of Smed-eye53 expression was not altered (Figs. 6D–F),
and despite the reduced size of the blastema, partial regeneration
of the cephalic ganglion and nerve cord was observed. In
contrast, ectopic dorsal expression of Smed-eye53 was detected
(arrows in Figs. 6H, I; n=3/3 after Smed-BMP RNAi; n=3/3
after Smed-Smad1 RNAi). Labeling of the CNS with anti-
SYNORF1 revealed that for the new ventral nerve cords
appearing within the blastema it was not completely clear
whether they appeared dorsally or ventrally as the blastemas
were very reduced (white arrows in Figs. 6K–L). In addition to
those nerve cords appearing within the blastemas, some animals
differentiated ectopic nerve cords on the old lateral half, dorsal to
the pre-existing ventral nerve cord (red arrows in Figs. 6N–O;
n=3/3 in Smed-BMP and n=3/3 in Smed-Smad1 RNAi).
Confocal images showed dorsal expansion of the ventral brain
after Smed-BMP RNAi (arrowheads in Fig. 6R; n=3/3). In
addition, some Smed-Smad1 RNAi-treated animals had a
complete ectopic CNS along the length of the dorsal side
(arrowheads in Figs. 6T, U; n=2/3).
Maintenance of the DV axis in intact planarians is disrupted
after BMP pathway silencing
To test whether Smed-BMP and Smed-Smad1 are also
required for the maintenance of the DV axis, we performed
RNAi knockdown experiments in intact non-regenerating
planarians. Between 2 and 3 weeks after the first round of
injections, intact Smed-BMP RNAi-treated animals showed a
flattened, less pigmented dorsal midline (n=24/24). Injected
animals moved slowly, their tails seemed atrophied and the
pharynges were inflated. The tip of the head was thicker and
in some cases the boundary between the ventral and dorsal
sides seemed to be duplicated (n=10/24) (Fig. S3). By this
time, some planarians started to develop additional eyes
(n=8/24). Four weeks after injection, the frequency and the
severity of the observed phenotypes increased: 60% of
treated animals had differentiated an extra pair of eyes
(arrows in Fig. 7B) and had developed what seemed to be a
double DV boundary (n=15/24), about 80% of planarians
showed small bulges on the dorsal side (n=19/24), and the
flattened, less pigmented dorsal midline persisted in 100% of
animals (asterisk in Fig. 7B; n=24/24). Although slightly
delayed, the phenotype was very similar after Smed-Smad1
RNAi. After about 3 or 4 weeks of treatment, Smed-Smad1
injected animals showed the flattened, less pigmented dorsal
midline (asterisk in Fig. 7C; n=23/26). The only difference
between the phenotypes was that no extra eyes were ever
observed (Fig. 7C).
Fig. 6. Dorsoventral patterning defects in lateral regenerants. (A–C) Control and RNAi-treated animals after 17 days of regeneration. After RNAi treatment, blastemas
are reduced and the whole body appears thicker and shrunken. Dotted lines in panel A delimit the blastema. Arrowheads in panels A and C indicate the regenerated
eyes. (D–I) Smed-eye53 expression in control (D, G), Smed-BMP (E, H) and Smed-Smad1 (F, I) RNAi-treated animals. RNAi-treated planarians show ectopic
expression of Smed-eye53 on the dorsal side (arrows in panels H and I). (J–U) Anti-SYNORF1 immunostaining reveals an ectopic pair of partial nerve cords on the
dorsal side of Smed-BMP (red arrow in panel N; arrowhead in panel S) and Smed-Smad1 (red arrows in panel O; arrowhead in panel U) RNAi-treated planarians.
Expansion of the pre-existing brain (arrowheads in panel R) or ectopic cephalic ganglia (arrowhead in panel T) is also observed after RNAi for Smed-BMP and Smed-
Smad1, respectively. Anterior to the left. (D–U) Twenty-three days of regeneration. (P–U) Confocal projections. Scale bar: 450 μm in panels A–I; 400 μm in panels
J–O; 100 μm in panels P–U.
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disrupted after BMP pathway silencing in intact animals.
RNAi-treated animals showed a significant decrease in the
number of Smed-EphA-positive cells along the midline (Figs.
7D–I; n=4/6 after Smed-BMP RNAi; n=4/6 after Smed-Smad1
RNAi) and the boundary between the dorsal and ventral sides
defined by Smed-EphA appeared to be duplicated (arrowheads
in Fig. 7F; n=3/6 after Smed-BMP RNAi; n=5/6 after Smed-Smad1 RNAi). After Smed-BMP RNAi, the dorsal midline
defined by Smed-EphA appeared wider (Fig. 7E; n=3/6) or
duplicated (Fig. S3; n=1/6). Also, some ectopic positive cells
were observed in the anterior region (arrowheads in Fig. 7E;
n=5/6). As occurs during regeneration, the expression of
Smed-noggin1 was completely normal along the ventral side
(data not shown). However, the expression of Smed-noggin1 at
the dorsal midline of both Smed-BMP and Smed-Smad1 RNAi-
Fig. 7. Dorsal patterning defects in intact animals after RNAi. Control (A) and RNAi-treated (B, C) intact animals 30 days after RNAi. RNAi-treated animals show a
flattened, less pigmented dorsal midline (asterisks in panels B and C) and their body margins are irregular (arrowheads in panels B and C). Smed-BMP dsRNA-injected
animals differentiate extra eyes (arrows in panel B). Expression of Smed-EphA (D–I) and Smed-noggin1 (J–L). (D–I) After RNAi, the expression of Smed-EphA along
the midline decreases. In Smed-BMPRNAi-treated planarians, the midline appears wider (compare double arrows in panels D and E) and an ectopic signal is detected in
themost anterior region of the head (arrowheads in panel E). Arrowheads in panel F indicate a duplicated bodymargin. (J–L) The expression of Smed-noggin1 along the
midline (arrowheads in panel J) completely disappears after Smed-BMP (K) and Smed-Smad1 (L) RNAi. Arrowheads in panels K and L indicate ectopic expression of
Smed-noggin1 after RNAi. White arrows in panel L indicate expression of Smed-noggin1 in the ectopic dorsal CNS formed after Smed-Smad1 RNAi. All panels show
dorsal views. Anterior to the left. Scale bar: 700 μm in panels A–C; 400 μm in panels D–L.
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BMP RNAi; n=4/4 after Smed-Smad1 RNAi). Treated animals
showed an ectopic expression of Smed-noggin1 in a group of
cells located at the anterior end of the head (arrowheads in Figs.
7K–L; n=3/4 after Smed-BMP RNAi; n=4/4 after Smed-
Smad1 RNAi). Similar to the situation during regeneration,
ectopic dorsal expression of Smed-noggin1 was observed after
Smed-Smad1 RNAi (arrows in Fig. 7L; n=4/4).
Ventral markers were also expressed ectopically along the
dorsal side of intact treated animals. Ectopic dorsal expres-
sion of Smed-eye53 was mainly observed at pre-pharyngeal
and pharyngeal levels (arrowheads in Figs. 8E, F; n=5/5 after
Smed-BMP RNAi; n=4/4 after Smed-Smad1 RNAi). In somecases, four incomplete dorsal rows of positive Smed-eye53
cells were detected (arrowheads in Fig. 8F). Normal Smed-
eye53 expression in visual cells also revealed the extra pair of
eyes formed after Smed-BMP RNAi (arrows in Fig. 8E). As
occurs during regeneration, the ventral distribution of Smed-
eye53 did not show obvious differences between control (Fig.
8A) and RNAi-treated (Figs. 8B, C) animals. Using the anti-
SYNORF1 antibody, an ectopic pair of partial nerve cords
was observed on the dorsal side of intact treated planarians
(arrows in Figs. 8K, L; n=3/6 after Smed-BMP RNAi; n=9/9
after Smed-Smad1 RNAi). As occurs during regeneration, in
Smed-BMP RNAi planarians a dorsal expansion of the pre-
existing brain was detected (arrowheads in Fig. 8N; n=3/6).
Fig. 8. Ectopic expression of ventral markers in intact animals after RNAi. (A–F) Smed-BMP and Smed-Smad1 RNAi-treated animals show ectopic dorsal expression
of Smed-eye53 (arrowheads in panels E and F). Arrows in panel E indicate the extra pair of photoreceptors differentiated after Smed-BMP RNAi. (G–Q) Anti-
SYNORF1 immunostaining reveals ectopic nerve cords on the dorsal side of Smed-BMP (arrows in panel K and arrowheads in panel O) and Smed-Smad1 (arrows in
panel L and arrowheads in panel Q) RNAi-treated planarians. Expansion of the pre-existing brain (arrowheads in panel N) or ectopic cephalic ganglia (arrowheads in
panel P) is observed after RNAi for Smed-BMP and Smed-Smad1, respectively. (R–T) VC-1 immunostaining after Smed-eye53 (R, T) and Smed-EphA (S) whole-
mount in situ hybridization. Ectopic axonal projections are observed after RNAi (arrowheads in panel T). Ectopic eyes differentiate after Smed-BMP silencing (S). (A–
Q) Anterior to the left. (R–T) Anterior to the top. (M–T) Confocal projections. Abbreviations: pr, photoreceptors. Scale bar: 350 μm in panels A–L; 200 μm in panels
M–R and T; 100 μm in panel S.
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Smad1 RNAi animals differentiated both ectopic nerve cords
and cephalic ganglia (arrowheads in Figs. 8P, Q; n=6/9).
The relative position between them was also inverted as the
dorsal ganglia were located beneath the dorsal nerve cords
(Movie 2). Finally, an abnormally patterned visual system
was also detected after RNAi treatment of intact planarians
(Figs. 8R–T). After Smed-BMP RNAi, some animals
differentiated an ectopic pair of photoreceptors that sent
projections to the pre-existing optic chiasm (Fig. 8S; n=3/6).
Aberrant visual axon projections were also observed in all
samples (n=6/6). Smed-Smad1 RNAi-treated planarians also
displayed ectopic axonal projections (arrowheads in Fig. 8T;n=4/5), although none of those samples differentiated
additional photoreceptors.
From these results, we can conclude that, similar to re-
generation, disruption of the BMP pathway in intact non-
regenerating planarians results in severe DV patterning defects.
Discussion
Several elements of the BMP pathway are conserved in
S. mediterranea
BMPs have been implicated in a variety of functions, in
particular establishment of the DV axis during development
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2002; Little and Mullins, 2006; Lowe et al., 2006; Yu et al.,
2007). In order to characterize the function of the BMP pathway
during planarian regeneration we have identified several
elements of this pathway in S. mediterranea: Smed-BMP,
Smed-Smad1 and Smed-noggin1. These genes can be added to
other genes related to the BMP pathway, such as BMP1/tolloid,
Smad4 and follistatin previously identified in S. mediterranea
(Reddien et al., 2005; Zayas et al., 2005). Further analyses of the
genome of S. mediterranea will allow us to determine whether
additional elements of this pathway are present.
Smed-BMP and Smed-Smad1 are required for correct DV
patterning in both regenerating and intact animals
Our data clearly suggest that in planarians the BMP pathway
is essential for the re-establishment and maintenance of the DV
axis. As occurs in Ecdysozoa, but in contrast to vertebrates, the
planarian BMP pathway specifies dorsal tissues. Together with
recent data from the planarian D. japonica (Orii and Watanabe,
2007), these results are the first direct demonstration of the
conserved function of the BMP pathway in patterning the DV
axis within the Lophotrochozoans. Until now, only indirect
functional evidence using vertebrate embryos as a reporter
system had been described (Herpin et al., 2007, 2005).
After Smed-BMP and Smed-Smad1 RNAi, animals formed
reduced and indented blastemas and small dorsal bulges,
appeared thicker and shrunken and seemed to duplicate the
DV boundary. Moreover, in some animals the dorsal midline
appeared flattened and less pigmented, and some Smed-BMP
RNAi-treated planarians differentiated extra eyes. In addition,Fig. 9. Schematic drawing summarizing the main defects observed during regeneratio
circles correspond to ventral-specific cells. The central nervous system is shown inusing different specific molecular markers, we observed a sig-
nificant reduction or loss of dorsal markers together with an
ectopic dorsal expression of ventral ones, including a duplication
of the CNS, and in exceptional cases, the mouth (Movie 3). Fig.
9 summarizes the main defects observed after Smed-BMP and
Smed-Smad1 RNAi. The degree of severity of the phenotypes
observed shows certain variability among samples, as shown in
Fig. S3. Although we checked the efficiency of the RNAi by in
situ hybridization, the lack of availability of antibodies against
Smed-BMP or Smed-Smad1 meant that we were unable to
perform experiments to determine to what extent the corres-
ponding proteins are completely eliminated.
It has recently been reported that RNAi silencing of BMP in
the planarian D. japonica yields similar phenotypes to those
observed in our study (Orii and Watanabe, 2007). However, in
our study we characterized the ventralization phenotype ob-
served in the treated planarians in more depth by using several
specific dorsal and ventral cell markers; in addition, we also
analyzed the effects of Smed-BMP RNAi on intact animals,
revealing a requirement for the BMP pathway in maintaining the
DV axis.
Similarly to our data the silencing of a planarian homologue
of Smad4 results in very reduced and indented blastemas,
suggesting that the TGF-β signaling pathway might play an
important role in blastema initiation (Reddien et al., 2005).
Further analyses should help to understand whether the defects
observed after Smad4 RNAi are caused by disruption of the
BMP or TGF-β signaling pathways.
Previous studies have suggested that DV interactions evoked
by wound healing are necessary for both blastema formation
and re-establishment of the DVaxis (Kato et al., 1999). Graftingn after Smed-BMP and Smed-Smad1 RNAi. Green indicates dorsal markers. Pink
blue. Abbreviations: ph, pharynx.
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formation of outgrowths and axis duplication (Kato et al., 1999;
Santos, 1931; Schilt, 1970). As the BMP pathway appears to
determine the DV axis, its disruption by RNAi could affect the
normal DV interaction during regeneration, resulting in
abnormal blastema formation. Since RNAi of these genes
resulted in the dorsal side of the planarians appearing to adopt a
ventral identity, it is tempting to speculate that the dorsal bulges
formed originate from an ectopic interaction between the pre-
existing dorsal cells and the new ventral cells that differentiate
dorsally after inhibiting BMP pathway components. In pla-
narians showing a strong RNAi phenotype, these ectopic
interactions could finally generate a complete DV axis dupli-
cation (Fig. S3).
Differences between Smed-BMP and Smed-Smad1 RNAi
phenotypes
Most of the DV patterning defects observed after Smed-BMP
and Smed-Smad1 RNAi are very similar, suggesting that both
genes are key elements of a conserved BMP signaling pathway
in planarians. However, some differences are also observed.
During anterior regeneration, blastemas formed after Smed-
Smad1 RNAi were always indented, in contrast to the non-
indented blastemas observed after Smed-BMP RNAi. Also, the
duplicated CNS shows some remarkable differences. After
Smed-Smad1 RNAi, in both intact and regenerating planarians
an ectopic dorsal brain forms in the anterior region of the treated
animals, in close association with the ectopic nerve cords that
also develop dorsally. This ectopic brain was clearly not
connected to the ventral one. In contrast, after Smed-BMP
RNAi, the ectopic brain did not arise below the dorsal sub-
muscular plexus but, rather, as a dorsal expansion of the ventral
cephalic ganglia.
Such differences could be the result of either BMP signaling
through Smad-independent pathways (Hassel et al., 2003; Nohe
et al., 2002) or Smad1 activation through other signaling
molecules (Reversade and De Robertis, 2005). For instance,
triple Bmp2/4/7 knockdown results in CNS expansion in
Xenopus embryos (Reversade and De Robertis, 2005). In
contrast, a completely dorsalized ectoderm is obtained after
quadruple knockdown is performed to include also Anti-
Dorsalizing Morphogenetic Protein (ADMP), suggesting that
in the Bmp2/4/7/ADMP knockdown phenotype, ADMP con-
tributes to DV patterning in this model (Reversade and De
Robertis, 2005). As ADMP acts through Smad1, it could be
possible that the stronger phenotypes obtained after Smed-
Smad1 RNAi depend on the disturbance of both BMP and
ADMP signaling pathways. In addition, Smed-BMP is weakly
expressed throughout the planarian CNS, suggesting that Smed-
BMP could have a role in the development of the CNS, as shown
in other animals (Denes et al., 2007; Liu and Niswander, 2005).
Therefore, the dorsal expansion of the ventral brain observed
after Smed-BMP could be a direct consequence of BMP effects
on CNS patterning more than on DV axis establishment.
Another observed difference is that ectopic eyes differentiate
only after Smed-BMPRNAi. This could be due to a direct Smad-independent BMP effect on planarian eye development or just a
consequence of the dorsal expansion of the ventral brain after
Smed-BMP RNAi. It has been proposed that in planarians the
brain is required to trigger eye differentiation (Lender, 1950,
1952). Thus, the dorsal brain expansion after Smed-BMP RNAi
could expand the morphogenetic field required for eye
differentiation, resulting in the ectopic eyes observed. After
Smed-Smad1 RNAi, a small dorsal duplicated brain differen-
tiates, but for some unknown reason it is not able to induce eye
differentiation. However, the normal pattern of visual projec-
tions is also disrupted in those animals as some axons project to
incorrect locations. The visual axon pattern is also disrupted
after RNAi for a BMP1/tolloid homologue as those axons are
unable to cross the midline and project anteriorly (Reddien et al.,
2005). We did not observe that phenotype in our RNAi
experiments so further analyses should be carried out to discern
the function of all these genes in planarian eye development.
Smed-noggin1 RNAi results in normal planarians
Several antagonist molecules have been reported to play an
important role in regulating the BMP signaling pathway (for
reviews see Balemans and Van Hul, 2002; Yamamoto and
Oelgeschlager, 2004). Among them, chordin, noggin and
follistatin occupy a prominent position. We isolated a planarian
noggin homologue mainly expressed in the CNS. However, no
RNAi phenotype was observed for that gene. This could be
explained because several additional genes with putative noggin
domains have been isolated “in silico” in the S. mediterranea
genome. Among them,we have characterized a noggin-like gene
called Smed-nlg1 (GeneBank accession number: EF633691)
and homologue to Djngl isolated in the planarian D. japonica
(Ogawa et al., 2002). In order to rule out a synergistic effect of
Smed-noggin1 and Smed-nlg1, we performed double RNAi
knockdown experiments but no phenotype was observed (data
not shown). Further analyses will be necessary in order to
characterize all planarian noggin genes and their roles in DV
patterning. In the case of cnidarians, injection of Nvnoggin1
mRNA but not Nvnoggin2 mRNA in Xenopus induces an
ectopic dorsal axis (Matus et al., 2006), suggesting that not all
the noggin candidates found in planarians could function in DV
axis formation. In zebrafish, extreme ventralization is accom-
plished when silencing noggin1, follistatin2 and chordin at the
same time, but a milder phenotype is observed when noggin1 is
inhibited alone (Dal-Pra et al., 2006). In order to clarify the role
of noggin genes in the planarian, multiple RNAi knockdowns of
the different BMP pathway antagonists should be performed.
In summary, we have shown that several elements of the BMP
signaling pathway are conserved in the Lophotrocozoan S.
mediterranea and that some of them are essential to specify
dorsal identity in intact and regenerating planarians. In other
systems, the BMP pathway is regulated by the balance of
activating secreted ligands (BMPs) and several antagonists.
Future experiments will address the distribution and interactions
of planarian elements of this pathway at the protein level andwill
provide insights into their function in DV patterning and in other
aspects such us neural patterning.
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